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Processes for preparing telechelic, branched and star thermoplastic resin polymers 



(57) A process for the preparation of branched ther- 
moplastic resins comprising: heating a mixture of a free 
radical initiator, at least one first free radical reactive 
monomer, at least one free radical reactive branching 
agent compound, and at least one stable free radical 
agent, to produce a linear or unbranched polymer prod- 
uct with a free radical initator fragment at one end and 



a covalentty bonded stable free radical agent at the oth- 
er end of the polymerized chain of monomers: and irra- 
diating the unbranched polymer product in the presence 
of a reactive compound selected from the group con- 
sisting of a free radical reactive monomer, a branching 
agent compound, and mixtures thereof to form a 
branched polymeric product. 
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Description 

The present mention is generally directed to processes lor the preparation of branched or dendrimeric homopol- 
ymers and copolymers. More specifically, the present invention relates to improved polymerization Drocesses which 
provide branchec. star, and dendrimeric homopolymer and copolymer resin products which possess narrow polydis- 
persity properties and which polymerization processes proceed with high monomer to polymer conversion In particular, 
this invention relates to stable free radical mediated, pseudoliving polymerization processes which yield branched 
homopolymers ana copolymers having number average molecular weights (Mn) above about 100 to about 200 000 
and having a polycispersity ratio of the weight average molecular weight (Mw) to the number average molecular weight 
(Mn) of from about 1 0 to about 2.0 and which processes accomplished in accordance with the present invention provide 
numerous operational and economic advantages. 

Many polymerization processes used for the synthesis of narrow polydispersity resins, such as anionic catbnic 
and group transfer polymerization processes, are severely limited by the need for anhydrous reaction conditions and 
monomers which oo not contain protic or reactive functional groups, for example, hydroxy (OH) carboxy (Cq>h), amino 
(NH). and the like As a consequence, these processes are not readily applicable to the polymerization of functionalized 
monomers since these monomer materials tend to be hydroscopic and any associated water may readily destroy the 
polymerization initiator component, for example, the hydrolysis or protonation of organolithium reagents by the mon- 
omer in anionic polymerization processes, or in other ways cause the polymerization to fail entirely or to be industrially 
inefficient. 7 

Of the known polymerization processes a preferred way to prepare branched or dendrimer polymers or copolymers 
having a narrow molecular weight distribution or polydispersity is by anionic processes. The use and availability of 
branched or star type resins having narrow polydispersities in industrial applications is limited because anionic polym- 
erization processes must be performed in the absence of atmospheric oxygen and moisture, require difficult to handle 
and hazardous initiator reagents, and consequently such polymerization processes are generally limited to small batch 
reactors. In addition, the monomers and solvents that are used must be of high purity and anhydrous thereby rendering 
the anion,c process more expensive than alternatives which do not have these requirements. Thus, anionic polymer- 
ization processes for the preparation of branched or star type polymers are difficult and costly. 

It is desirable to have free radical polymerization process that provides narrow molecular weight distribution 
branched or star type polymers and resins that overcomes the shortcomings and disadvantages of the aforementioned 
30 related anionic branching polymerization processes 

Similarly, group transfer polymerization (GTP) processes have limitations and disadvantages, such as anhydrous 
reaction conditions and expensive reagents, which disadvantage GTP processes particularly for large scale industrial 
preparation of branched or star polymers. 

Free radical polymerization processes are generally chemically less sensitive than anionic processes to impurities 
in the monomers or solvents typically used and are substantially or completely insensitive to water Conventional free 
radical polymerization processes that are used to polymerize monomers in general, and functionalized monomers in 
particular, inherently give broad polydispersity resin products or require that sophisticated processing conditions and 
materials handling protocols be employed. 

Star polymers or dendrimers can be constructed with, for example, a rod-like tertiary structure or a spherical tertiary 
structure. The branching associated with these systems provide a number of unusual properties For example in 
contrast to linear polymers, the viscosity of spherical star polymers decrease as the molecular weight increases Fur- 
thermore, compounding hydrocarbon dendrimers in a variety of media imparts increased strength to these materials 
Branched copolymers prepared by conventional free radical polymerization processes inherently have broad mo- 
lecular weight distributions or polydispersities, generally greater than about four. One reason is that most free radical 
initiators selected have half lives that are relatively long, from several minutes to many hours, and thus the polymeric 
chains are not all initiated at the same time and which initiators provide growing chains of various lengths at any time 
during the polymerization process. Another reason is that the propagating chains in a free radical process can react 
with each other in processes known as coupling and disproportionate, both of which are chain terminating and poly- 
dispersity broadening reaction processes. In doing so, chains of varying lengths are terminated at different times during 
the reaction process which results in branched resins comprised of polymeric chains which vary widely in length from 
very small to very large and thus have broad polydispersities. If a free radical polymerization process is to be enabled 
for producing branched, dendrimeric, or star polymers with narrow molecular weight distributions, then all polymer 
chains and branches or arms must be initiated at about the same time and premature termination by coupling or 
disproportionate processes must be avoided or eliminated. 

Practitioners in the art have long sought an inexpensive, efficient and environmentally efficacious means for pro- 
ducing branched polymers having operator controllable or selectable molecular weight and branching properties and 
further, processes which selectively afford a wide variety of different polymer product types and have narrow molecular 
weight distribution properties. 
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™ ' d,SC,OSeS 3 PrOC6SS '° r Prepaf " 9 3 branched P 01 *™ ' rom a aromatic monomer 

^T n9 '. COpC * ma,B VmV ! ar0,7W,iC m0n0n,er W " h a m ° nomer pair wherein ,he PBir consists of 

two different monomers conta,n,ng funct.onalities which are substantially nonreactive with each other under the con- 

J^l C T y r e ," Za T hea,m9 ' he C ° P0,ymer produCed to a lem Perature such that the functionalities react 
with each other to form branches with the polymer. 

hJt^TJS- 5 " 0 , 1 1 459 ' "I 30 ' 05 !. 3 3 me ' h0d f ° r Pr0dUCin9 8 9ra " COpoly,Tier inc,udin9 ,ne s,e P s °' addi "9 «o a 
base potymer capable of forming f.rst radicals when irradiated with radiation an additive capable of combining with the 

ISr 1 H° rm SeC00d fadiCalS S,ab,S aQajnS ' 0Xy9ea ,he S,ep 01 irradia,i "9 ,he base polymer conCTng he 
additive wrth radianon. and the step of introducing a monomer under an atmosphere free from oxygen, thereby o g a« 
copolymenze the irradiated base polymer and the monomer. ">ereoy ro gran 

U.S. Patent No 5.334.756. discloses a process for preparing carboxylates of polyoxyalkylene siloxanes and 

hyroxyl group-containing polyoxyalkylene compound or alkylpolygiuccside to mild oxidiation 
hv iS^"' P^lication 349.270 Bl , is disclosed a pressure-sensitive adhesive composition characterized 
of an IT^TT rep ^" ,ed T b y ,he 9 eneral ,or ™ la '<BAT)„ wherein I represents the free radica. initiator portion 
of an miierter of the formula l(T)„; T represents the termination portion of the miferter: n ,s an integer of at least 2 and 
B represents an elastic acrylic polymer block having a glass transition temperature of at least 30°C and an A-block is 
ormed of a monomer selected from the group consisting of methyl methacrylate. polys.yryle.hyl methacrylate mac- 
romer methyl methacrylate macromer. acrylic acid, acrylonitrile. isobornyl methacrylate. N-vinyl pyrrolidone and mix- 
tures thereof, the weight ratio o, the B^.ock to the A-block in the block copolymer being from 95 5 to 50 50 and 0 to 

IhL P artsb X^ ,9h 1 Uacki,lerpeM00 P ar,sb,ockco P° | y^ Afsodisclosed isamethodof making the pressuresensitive 
adhesive wh.ch rel.es upon mixing and exposmg an iniferter of the formula l(T)„ to an energy source in the presence 
of a sequence of monomer charges. 

U.S. Patent No. 4.581.429 discloses a free radical polymerization process which controls the growth of polymer 
cha.ns to produce short chain or oligomeric homopolymers and copolymers including block and graft copolymers The 
process employs an initiator having the formula (in part) =NO-X. where X is a free radical species capable of potym- 
2 son 9 ," 7 nnnK ,6d The mo,ecu,ar wei 9 h,s °< PO'Vmer products obtained are generally from about 

J£l , e T" 9 P 0,yd,Spersi,ies 9 enera,| y °* ab °"< 1 ■* to 1 .8. a. low monomer to polymer conversion. The re- 
actions typically have taw conversion rates and use relatively low reaction temperatures of less than about 100 »C 
J o and use multiple stages. 

Hi* v." 1 ,,'' 66 fadiCal P° lymeri2a,ion reac,ion Processes of the prior an, various significant problems exist, for example 
d.K cul.ies ,n preoictmg or controlling both the polydispersity and modality of the polymers produced. These polymer- 
za.ion processes produce polymers with high weight average molecular weights (MJ and low number average mo- 
nlnL?! m r q ? ^ P 0 ^™*™ °< broad molecular weight distribution { MjM n ) and 
instances low conversion. Further, polymerization processes of (he prior art. in particular free radical processes are 
prone to . generating excessive quantities of heat since the polymerization reaction is exothermic. As the viscosity of 
the reaction medium increases dissipation of heat becomes more difficult. This is referred to as the Trommsdorff effect 
as discussed and iHus.rated in Principles of Po^merizaton. G.Odian. 2nd Ed.. Wi.ey-.n.erscience. N.Y.. l9oi page 
wrth lh ™„ U ,™ 0 ? iS , e K, ,irely inCOrpora,ed herein * re,erence - ™» * Particularly the situation for reasons 
S^^SSS^ 6 m0n0mef ' f ° r eXamP ' e 9fea,er ,h3n 30 *° 50 Percent by wei9ht soluble <™°™ 

the exo^rj £2L" m" SC h TT* Wi,h ,im " ed SUdaCe ar6a and ,imi,ed heat dlss| P ation ca P ac »V- Moreover, 
he exothermic nature of free radical polymerization processes ,s often a limitation that severely restricts the concen- 
tration of reactants or the reactor size upon scale up. 

^tl 9 !' ^ ^ ma,, ° n conven,lonal ,ree radjcal POlvmenzatron processes may result ,n a broad molecular 
XltSSS!" an , d/0 V dl,(lCUl,ieS e " c <™tered during filtering, drying and manipulating the product resin. part.cu- 
lariy for highly concentrated reactions. 

matST* S T,T aSS0Cia,ed Wi,h lhe pri ° f an me,hods ' o r preparing branched or star type dendrimeric polymeric 
materials is the they typically provide products with highly variable branch length, variable branch molecular weight 
and polydispersities, and variable particle size, for example. 

n,„J h f S ° ^ 0thef d,sadvan,a 9es are avoided, or minimized with the branching polymerization processes of the 
present invention. 

J^ 36 an<J °' h f ' Pr ° btemS haVe bee " unex P ec,e d"y ameliorated by the present invention wherein there are pro- 
r^l^Z ^ anSln9 ,r ° m po| y meriza,io " or copolymerizing, for example by heating, with an initiator compound 
con.a,n,ng at leas one covalently bonded stable free radical functional group, at leas, one free radical polymerizable 
monomer, and a leas, one free radical reactive branching agent to form an unbranched pofymeric product containing 
latent or incipem branching functionality; irradiating a mixture of the aforementioned unbranched polymeric product 
??1 ITT radiCa ' a9em '° ' 6rm an in,e ™dia.e branched poVmeric product wherein the second stable 

free radical agent are covalently attached to the intermediate product a. sites corresponding to where the branching 
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According to one aspect of the present invention, there is provided a process for the nronara.i . 

resin or res.ns. comprising: heating a mixture comprising an initiator corned oMh 

sents a group hav,ng a, teas, one carbon atom and is such that a tree radical A- alo Z^ is ^ao Jof «2T 
•rag an unsaturated monomer by free radica. pofymenza.ion and the free «SS3jlIS^?S 
at least one carbon atom, and T is a covalemly bonded stable free radica. compound at leas, one free adiS^l 
enzable monomer of the formula Ml . and a. leas, one free radca. reactive branching agent ofThe ZulaTt^oI" 

epresenmg the KXal number of monomers M and B con.ained in the unbranched product irradiatinq a mi«u e oiZ 
branching agentB^hepolymericZr 

number of stable free radca. compounds o. .he formula r attached to each branching aamB^^^t 

Presence of ZZZJ^^" 2 ^ °' m0n ° merS: and """^ ,he unbra " cned P"*™' pUctt Z 
to term f hLnl T monomefs sucn as a free helical reactive monomer, a branching agent and mixtures (hereof 

iximl T , P ymer ' C Pr0dUCt The reSU " in9 branched P°*™* be further elatoSteT.1 fo 

z^pSssr p " ymer,za,ion ' cha,n branch,n9 ' and - «*— iris 

onetee f . COm P° und ' at ,ea * one free radical polymerizab.e monomer of the formula M1 and aTte2 

one free rad,ca, reacfve branching agen, of the formufc 8, to form an unbranched polymeric product of the f^nSf 

A-(M1) m -(B)„-T 

««. .« o, r . „ , 0(m an ^^sr^^-jsrr 
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A -(Ml) m -[-B-(T') p ] n -T 



A-(Ml) m .[8- {M2) 0 .(T') p J n .(M2) 0 -T 



iZZl ^. — 

A-(M1) m .(B-(M2) 0 -(B2) r -(T') p j n -(M2) 0 -(B2) r -T 



ss 



i a branched polymer product ol (he formula 

A-(M1) ln - I B-(M2) 0 -[B2-(T")] r -(T-) p ] n -(M2) 0 -[B2-(r)] r -T 



where T' is convalen.ly bonded to .he branching agents B2 in the resulthg polymeric product and 

A -' M 'l.1B-(lK)^ffi.(U3.ri|,<r) 1 ,|,.(lK| > ^.|M3.r)|,.T 
S^S"" " SnCh,M P °"" , " r,C P " 3<, " C ' """" " '« ^~~«*-W-«.-».««.b»n*«. 

pZ^^oLttS " r d ^ S * ab,e ' fee radiCa ' a9en * ,hereb V P™**» • single branch po,n, 
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Afunctional branch ng agent is incorporated into a poVmer chain and thereafter cleaved and iranno* a hif 

that the mono, d.- In, and the like, functionality of the branching agent monomer refers to boih the Iml , k 
logically cteavable sties and the number of branch points tat l^Xt^Z^^^^l T 

3 I?'r sa T appin9 - A ^ 

SET T T S,0n ^ 66 aChi6Ved bV aPPlVinfl ' he e«v™«™™ and branching J^^SZS 
TSSFcZS™" er ?- ThUS - " embodimen,s - the P^en. invention, a moLunCional itanK^ 
here^om A hi , 9 , V"^ M POm 3 Sina,e new W™' <*™ » be grown or prolqatTd 

Referring to the Figures, there is illustrated in Figure 1 an exemplary polymerization and branchino S6 „, w „ f „ 
Tonome? ZT ? " "? in " ia ' 0r 12 SUCh 35 P e ™ d "^ 

monomer Ml . sucn as styrene or acy.ic acid, and a stable free radical agent T, such as a s.ercially hindered nSe 
radical compound, are heated to produce the linear or unbranched polymer product l-(M1 ) -T where a IT2 

TJ^TTT nUmbef °* m ° n0merS P0 ' ymerized ln a second ste P a functional SriSng aZ B id ?he 
unbranched polymer product are heated to incorporate .he branching agent into the polymer product XI ££2 

the formula l-(Ml ) m -(B) n -T where n is an integer and represents the number of branching agents potymeLd opened 
at the end of the poiymer chain. Next, the unbranched potymer containing branching agent m£Z£K£ZS 
he presence o, a second stable free radica, agent T- to selectively cleave the branching agem sotha a eeTd^l 
pec.es assocateo w„h the polymer is generated and thereby creates a branch point, and which °ee radilaT S pecS 
V TlZZtl ^ a9en ' *° a "° rd 3 branChSd PO'y--p^uc. o. the ,o muaS b S 

toL'oI^ 9 IT Pr0dUC ' 13 ,hefea,,er hea,ed in ,he P resence °' a sec °nd monomer M2 which is added 

Ind T Mo aTord 3 ! ^iTT"' * SUbS ' an,ia " y a " haVi " 9 3 ^""V bonded •«*■• free radi argent *? 

(Mi) m [B <M2) - T] n -(M2) 0 -T. wherein o is an integer and represents the number of M2 monomers added to or 
incorporated w..h,n. me branched polymer product, a ratio of o/n reflects that the total amoun7ol Sm™!? i( l 
porated into the branched po«ymer product is substantial* equally and unifon^ 'SS^SL^^Z "cu 
pied by the cova.en.iy bound stable free radial agents. -T and -TV As wil. be readily evident to on ZT J n 

^JTf 2 ,' hefe 15 " IUStr3,ed 30 exem P |ar y Polymerization and branching sequence wherein a mixture of a free 
radical initiator l 2 , such as benzoyl peroxide or azobisisobutyl nitrile. only free radical reacts d funcS WL1 

(B) m -T. where m ,s an integer and represents the relative number of branching agents polymerized In a second su» 
the unbranched pofymer product containing branching agent monomers of .heLmu^S"* ^dSe^in the 

so tha a f rie S2? ^ *~ T ' '° Se ' eC,iVe ' y C ' e3Ve * he di,UnC,ional branch,n 9 ienuTn the primer 

oTJSullLTnS °^ 3l , SpeC,eS 3SSOC,a,ed w,,h ,he P*"*™ are generated and thereby create ! plurality of bifu° aTed 

wrthsubstS 
flad^ 

tree radical agents T • to afford a branched polymer product of the formula formula 14 B./ t\ i t tL * I ! 

~' rad,Cal medi3,ed P^^tion sepias, or further branched by appfymg tne branchinTse- 

K^L? Present invention, by heating with one or more tree radical reactive morrLers 11 orHeSnd I free 

B B2 n T a ° em B2 ' SUCh ^ br3nChed P °' ymer 01 ,he ,0rmulas ' H B-( M2 - T^l M2TTand , 

or branch^" 'fV 

so g^pT'" 9 ^ Wh ' Ch ' S ' nSerted be,wee " tha «** end and the firs, added stabfe free radica, ZZ 

radica, rl h a e / ( r b ° d ^ enlS °' ' h6 PfeSen '' * ' S P0SSible '° co P°'y^erize mixtures of mono- and or difunctional free 

TT S °' COp0l y meric se 9 me "' s ^ contain both monomer 

ss mericmatena 3 ^ T^leln , , * ^ ,he 3biU, y ,0 P re P are Ranched cc„o,y- 

Suc^oTC. y ^ add ' ,i0nal S6Para,e ' " mneCeSSary ■»*""*— a "^ •»«* PON in 

usedte'elntanchr^ "? b6 Se,6C,ed S ° to " 9 35 ,he ° bjeC,iveS °' ,hS P resenl are achieved As 

used herein branchy agent refers to two related but function^ different compound classes. Each branching agent 
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One class of branching agent, referred to in embodiments as a 'branch.ng agent monomer- comorises con™** 
which are capable of sequential undergoing or performing both therma. polyme Son w. h aTe ^3S2S? 

ca^nS^ 

cally .nduced branch point formation. A branching agen. monomer compound of the present invention has attest on« 
free radcal reacts and therefore polymenzable doubie bond, and at teas, one chromo^TchTan be^°2 
photochemical* activated to enable the formation of a. .east one free radica. space which Tan b Z 
presence of e,.her a stable free radical compound, such as V. which leads to a re^ib^rmSeS b SSi^ite or ! 
second free radea, reacts monomer compound which .eads to uncontrolled free S^^SSS^m 
elongaton in the aosence of excess stable free radical trapping agent P°<ymerizat.on and chain 

Another class of branching agent useful in the present invention, also referred to in embodiments as an -inhibit™ 

o^T 96 ?'' comprises compounds «** are capab,e of se ^ en,ial| y <^^^^ z 2^^ 

n^' n h ,ermina "°. n K and ttle ' ea,ler ""dergomg pho.ochemica.ly .nduced branch poinHoZTTnus aT'in 
hib.ting branding agent" has a firs, function to inh.b.1 or terminate mihal polymer cha, .extension bT.ermm^nn nr 
-rreversrbly blocking further monomer add.t.on by reacng w.th the propagalg free ^S^S an 

T^T, a " 0W bfanCh P ° im ,0rma " 0n by °' sefecL P ho,LVeS fea ge ' 

An important distinction between the aforementioned branch.ng agent monomer compounds and an inhibitino 
branching agent compounds is that the branching agent monomers by definition and design provide for poTmer chain 

EESS" IT P ° im I 00 ' 38 We " 38 P ° lymef Chain P'W" at ,he Pressor p P o°ymer chain "ha .fthe 
for ntTh ° ri9,nal V ' nCOrp0ra,ed ,he branchi "9 agent. The inhibiting branching agen, compounds provS 
£SrS£Hr ° n,y " branCh POI^, M a " d - « ^hain propaXTS 

s,,t JL^TT' **T branCh ' n9 a98nt m ° n0mer com P<>^s are. for examp.e olefin containing dialkyl sub- 
e lnn*T JT?^ °" eS ' Whefe " 1 *" ° ,e ' in PfOVides tor lhe a«oremen,ioned predecessor polyme7Zn 
SSST T h yd ? Xy arVl ke, ° ne ,UnC, ' 0nal 9roupina provides ,he chromophore for photochemical act £ Z 

a No S tS cleairi T T 9r0UP C ° n,ainS 3 po, V mef ' zable bond, and which compounds undergo 

Tl^ 6 f 9 ' ° UnC " 0n 35 SU,,able branchin 9 a 9 ents in Pseudoliving polymerization 
Su.table monofunctiona. branch.ng agen, monomer compounds B can be of ,he genera, formula 




50 



An exemplary branching agent monomer compound B is of the formula 
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An exemplary .nhibiting branch.ng agent compound B is the disubsUuted quinone compound ol the formula 
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■ wherein the qu.none portion of the molecule provides free radical chain polymerization inhibition and the hydroxy aryl 
ketone moieties provide the latent or masked photochemically activated branching sites 

In.embodiments. processes of the present invention can further comprise combining the branched resin with for 
example, a thermoplastic resin, a colorant, a charge control additive, a surfactant, an emulsifier, a pigment dispersant 
and mixtures thereof, to form a subsequent mixture which can be further melt blended in a suitable melt mixing appa- 
ratus to form a toner suitable for use in xerographic and related marking applications. 

In embodiments of the present invention, the initiator compound or A-T can have a half life of about 5 seconds 
to about 5 minutes at a temperature from about 80°C to about 180°C. 

Polymerizable monomers suitable for use in the present invention, in embodiments, include any free radical reactive 
unsaturated compounds, such as styrenes, conjugated dienes, aciylate esters and alkyl acrylate esters with from 5 to 
25 carbon atoms. N-vmyl acetates amine, carboxyl. aldehyde, alkyl, cyano. and hydroxyl substituted acrylic acids and 
acrylic ac.d esters having from 2 to about 20 carbon atoms: acrylamide: methacrylamide; acrylic acid methacrylic acid 
acrolein: dimethylaminoacrylate; hydroxy-lower alkyl, and amino-bwer alkyl acrylates of the formula CH2=C(-R')-' 
C=Z)-R2 where R> is hydrogen, R2 is selected from the group consisting of -OR' and -NR' 2 . and wherein Z is selected 
rom the group consisting of oxygen and sulfur atoms. In embodiments, from 1 to about 10 different free radical po- 
lymerizable monomers can be selected and simultaneously polymerized in any one monomer addition polymerization 

In embodiments of the present invention, the polydispersity of the arms or branches is narrow and generally is 
from about 1 .0 to about 1 7 r while the monomer to polymer conversions typically range of from about 1 0 to about 1 00 
percent depending upon polymerization and branchmg conditions selected; the extent to which the steps in the branch- 
ing process are completed: and the number of times the branching sequence is successively repeated 

The heating conditions selected for accomplishing the stable free radical mediated monomer addition polymeri- 
zation can be lor a period of time of from about 30 minutes to about 50 hours and at a temperature of from about 70 
to about 250 C. Upon completion of a monomer addition polymerization into Ihe chain ends, the reaction mixture is 
preferably cooled to below about 80 to lore, and preferably below about 40°C to temporarily or permanently suspend 
tne monomer addition polymerization process. 

The weight average molecular weight (MJ of the resulting arms or branches which have been appended to the 
branch points are, for example, independently from about 2.000 to about 200,000, and depend upon the conditions 
selected and the extent of repetition of the branching sequence. 

The present invention provides stable free radical mediated polymerization processes for preparing branched 
polymers, such as dendrimeric thermoplastic resins or elastomeric materials with well defined molecular structure 
molecular weight properties, and narrow poVdispersit.es. The processes can be run as batch, semi-continuous con- 
tinuous processes, or combinations thereof. The processes can be carried out in solution, bulk, suspension emulsion 
phase transfer, and extrusion reaction conditions. The processes provide for from about 1 to about g9 percent by weight 
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of the reaction mature to be a free radical reactive monomer or monomer mixtures and the thermally controlled chain 
elongation polymerization processes can be conducted at from about 100-C to about 250»C The processes produce 
branched polymer products which have: operator selectable low. intermediate, or high molecular weight- well defined 
branching propen.es including the branching number and the extent of branching: narrow polydispersity low residual 

S salt content or are salt free: and can have low toxicity. 

Suitable stable free radical compounds for use in the present are known, and can be prepared prior to mixing with 
the other polymerization reactants or they may be generated in situ or on an as needed basis 

The stable free radical agent compounds of the present invention may be generated in any suitable fashion from 
the corresponding non-free radical precursor, for example, thermally, chemical, electrochemically, photolyticalfy me- 

>o chanicaily. and the like methods. r«^»>y. 

Examples of suitable and preferred stable free radicals are disclosed in U.S. Patent No 3 600 169 
The stable free radical compound when covalently bound to the branched polymer product preferably has no 
unpaired electrons, that is. has no free radical character or free unpaired electrons. 

Suitable initiators lor the branching polymerization processes of the present invention are any conventional free 
radical mrt.ators which have a half-life of at least 1 second at the polymerization temperature. Preferably, the initiator 
will have a half We of from about 10 second to about 2 hours, more preferably from about 10 seconds to about 10 
minutes at the polymerization reaction temperature. These initiators include, but are not limited to oxygen hydrooen 
peroxide, certain alkyl hydroperoxides, dialkyl peroxides, peresters. percarbona.es. peroxides, persutfates and azo 
initiators. The initiators are normally used in amounts of from about 0.05 percent to about 33 percent based on the 
weight of total pofymenzable monomer. A preferred range is from about 0.5 to about 20 percent by weight of ihe total 
polymenzable monomer. In embodiments, the molar ratio of monomer to stable free radical agent to free radical initiator 
compounds, such as l 2 or A-T. is from about 1.0:0.2:1.0 to about 20.000:2.5:1 .0. Preferred free radical initiators do not 
react with or degrade the stable free radical compounds with the exception of the aforementioned in situ stable free 
radical generation resulting from the reaction of the stable free radical precursor compound with a free radical fragments 
species. 3 

In other embodiments, the polymerization processes of the present invention can be used to prepare branched 
block copolymers and multi-block polymers having narrow polydispersity properties wherein at least one of the blocks 
is optionally water soluble thereby providing, for example, a means for preparing branched surface active agents or 
surfactant materials having well defined polydispersity and hydrophobe-lipophobe balance (HLB) properties 

Described herein are hydrocarbon star polymers prepared by a stable free radical mediated free radical polymer- 
ization process ,n which precise control over the length of the star side chains is maintained. This control provides 
substantial advantages in the applications of viscosity modification, matrix strengthening and thermoplastic clarity im- 
provement since these properties depend to a substantial extent on the tertiary structure of the star polymer 

The dendrimers can be selected as toner additives, for example, as illustrated in the documents mentioned herein 
Dendrimers are known, and can be considered radially symmetrical molecules of a STARBURST™ topology comprised 
of an initiator core, such as nitrogen, ethylenediimine. silicon, and the like, interior layers attached to the core and 
comprised of. lor example, three, four or more arms, each arm being composed of repeating units with the number of 
repeating units in each arm being considered the generation of the dendrimer, and terminal covalentty bonded stable 
free radical functional groups, such as a nitroxyl compound attached to the outermost generation, which dendrimers 
having related terminal amine terminated groups are illustrated, for example, in U.S. Patent 4,587 329 and in Anoe- 
wandte Chemie. Int. Ed. Engl.,29, 138 (1990. The synthesis of dendrimers usually occurs by a linear, convergent or 
divergent aproaches. An alternate synthetic route uses a convergent growth synthesis as described in detail in C J 
Hawker and J.M.J. Frechet,. J. Am. Chem. Soc, 112. 7638 (1990). 

Although not desired to be limited by theory, it is believed that photoinitiation or photolysis of the branching agent 
compound or compounds produce free radical species, generally by a Norrish Type I mechanism. The resulting radicals 
inmate polymerization of available free radical reactive monomer(s) molecules. However, since a stable free radical 
such as TEMPO is present, either the low molecular weight photoiniator fragment, or the contiguous polymer fragment 
such as a short oligomer chain, are captured by excess stable free radical, to afford for example a TEMPO-polymer 
intermediate product. On thermolysis, the TEMPO-polymer bond ruptures to produce a radical species on the polymer 
chain end which subseguently captures additional monomer thereby providing a pseudoliving polymerization reaction 
mechanism. Any low molecular weight photoiniator fragment-TEMPO by product can be readily separated from the 
higher molecular weight branched polymeric product by various known methods, for example, solvent precipitation 
extraction, or washing. 

The branching polymerization reactions of the present invention can be accomplished in the absence of solvents 
or supplemented with a solvent or cosolvent if desired to help ensure that the reaction mixture or at least the monomer 
containing portion remains a homogeneous single phase throughout the monomer conversion. Any solvent or cosolvent 
may be selected so long as the solvent media is effective in providing a solvent system which avoids precipitation or 
phase separation of the reactants or polymer products until after all the solution polymerization reactions have been 
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completed 

The molecular weights referred to are measured by gel permeation chromatography using tor example a poly- 
ethylene oxide standards lor water soluble polymers and polystyrene standards lor organic soluble polymers unless 
specifically stated otherwise 

5 During the reaction of monomer or mixtures of monomers to form polymers, the reaction time may be varied over 

about 30 minutes -o 60 hours, preferably between about 2 to 10 hours and optimally about 3 to 7 hours The optimal 
reaction nme may vary depending upon the temperature, the volume and scale of the reaction, the extent and degree 
of branchmg. anc ne quantity and type of polymerization initiator and stable free radical agent selected 

Irradiation can be accomplished by conventional means using, for example, a conventional ultraviolet source - 
w quartz reactor ana suitable equivalents. 

The molar ratio of the stable free radical (SFR) agent to free radical initiator (INIT) residing in the monomer phase 
can, in embodiments, be from about 0.5 to about 5.0. and preferably in the range from about 0 4 to 4 0 Although not 
wanting to be limned by theory, in an embodiment, the molar ratio (SFRINIT] of stable free radical agent for example 
2,4.6-tr.-tert-butyl cnenoxy radical, to free radical initiator, for example, benzoyl peroxide is about 2 0 and is believed 
to be important for success of the process. If the [SFRINIT] is too high then the reaction rate is noticeably inhibited 
If the (SrR INIT] is too low then the reaction product has undesired increased polydispersity. 

In embodiment the molar ratio of monomer content to stable tree radical agent to free radical initiator is from 
about 6.0:0.2:1 tc scout 10,000:2.5:1 and preferably in the range of about 125:2.0:1 to about 7,000: 1 3: 1 , for example 
as used in oreparmg the aforementioned polymeric branching agents. 

The amount oi branching agent used in the polymerization process, specifically chain elongation or branching 
steps depends upon the extent of chain elongation and branching desired in the resulting polymer. In embodiments of 
the present inventon. the molar ratio of monomer to branching agent can be in the range of from about 100 0 1 to 
about 0. 1 : 1 00. However, it should be emphasized that the above ratios for branching agent correspond to representative 
and not i.mrt.ng amounts and the ratios of such compounds that can be present in the reactor vessel upon commencing 
the stable free raccal polymerization process. Other suitable ratios of monomer to branching agent include 0 0 100 
that is, where no monomer is selected and only branching agent is polymerized as illustrated in Figure 2 particularly 
in path .!.). and 100: 0.0. that is. where no branching agent is selected, for example, in those process steps where 
chain elongation with monomer only is the desired result, as for example illustrated in path I.) of the Figure The present 
invention in embodiments, comprises polymerization processes which include at least one branch point introduction 
and formation step, and optionally at least one branch point chain elongation step. 

Additionally, the polymerization reaction rate of the monomer or monomers may. in embodiments of the present 
invention, be accelerated and the reaction time reduced by the addition of a catalyst. For example, a catalytic amount 
of a protic acid, which will not also initiate cationic polymerization, may be added to the reaction mixture 

In embodiments, the thermoplastic resin polymers of the present invention are preferably polymerized in an inert 
atmosphere, that is. with the virtual exclusion of oxygen. Embodiments of the present invention therefore conduct the 
stable free radical oolymer.zation process in an inert atmosphere, such as under an argon or nitrogen blanket 

A further discussion of reaction conditions and reactants, including suitable monomers, stable free radical aqents 
catalysts, etc. may be found in U.S. Patent No. 5,322.912. 

Following completion or termination of the reaction, the resultant polymer and or by product oligomers can be 
optionally separated from the reaction mixture, and washed and dried. Subsequent processing of the thermoplastic 
resin polymer can then be conducted. 

Alternatively, branched block copolymer resins may also be prepared whereby after each desired block has been 
formed a new monomer or monomers is added, without the addition of more initiator or stable free radical agent to 
form a new block wherein each block component is well defined in length and has a narrow molecular weight distribution 
and having properties depending on the repeated sequence and the monomers chosen for incorporation. Monomers 
added subsequent to the formation of the first formed branched thermoplastic resin or elastomer may be water soluble 
or water insoluble. Judicious selection of the water solubility properties of added monomers and the resulting polymeric 
segment enables convenient synthetic routes to branched block and mu Itiblock copolymers with narrow polydispersilies 
that are useful, for example, as surfactants, resin compatibilizers. such as "molecular velcro" and the like, viscosity 
so modifiers, emulsifiers, and the like. 

The branched polymeric products of the present invention may be optionally crosslinked with, for example known 
crossl.nk.ng, coupl.ng, or curing agents such as div.nyl benzene and the like, either in situ or in a separate post polym- 
erization process step. 7 

Additional optional known additives may be used in the polymerization reactions which do not interfere with the 
objects of the invention and which may provide additional performance enhancements to the resulting branched prod- 
uct, for example, colorants, lubricants, release or transfer agents, surfactants, stabilizers, antifoams, antioxidants and 
the like. 

Polymer resins possessing a discrete mixture of monomodal. that is a well defined multimodal molecular weight 
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distribution may in embodiments thereof provide several advantages, particularly for electrophotographic toner com- 
positions such as- melt rheology properties, including improved flow and elasticity; and improved performance prop- 
erties, such as trtnoelectrification. admix rates, and shelf life stabilities. 

The invention will further be illustrated in the following non limiting Examples. Parts and percentages are by weight 
unless otherwise indicated. 



EXAMPLES 
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A-T PHOTOINITI ATOR PREPARATION Photoinitiator 1 -hydroxycyclohexyl phenyl ketone ( 1 .06 g ) and TEMPO 
( 2.06 g ) were absolved in heptane (30 mL without prior deoxygenation) and subjected to UV irradiation. The light 
source used was a high pressure 450 W Hanovia mercury vapor lamp, which was placed in a water cooled, quartz, 
immersion well (Ace Glass Co.). The immersion well was placed in a 2 liter beaker containing water and the reaction 
sample containing the reagents in heptane was placed in the beaker in a long glass Craig tube. After 17.5 hours of 
irradiation, the sample was placed in a separatory funnel and extracted with a water-methanol mixture. 1 : 1 =v: v, 4 times 
at 50 mL each, to remove the excess TEMPO, and the remaining heptane solution (6.0 g )and the resulting compound 
A-T was used directly in the next step. 

LIVING POLYMERIZATION The mitiatior A-T ( 6.0 g ) was added to a mixture of sodium styrene sulfonate ( 15 
g), ethylene glycol ( 24 g ). and water ( 16 g ), and heated to 110 °C. Alternatively, the mixture could be photolyzed to 
initiate polymerization. After 3 hours, ferrous sulfate heptahydrate ( about 50 mg) was added to reduce any excess 
TEMPO which had not been removed during the aforementioned extraction procedure. Healing was continued for 18 
hours. During this time, four aliquots of the reaction mixture were removed and gel permeation chromatograms<GPC) 
recorded. The GPC results indicated that the polymerizaton was living and that the baseline is free of any traces of 
dead or terminated polymer. 

Table 1 shows the molecular weight change as a function of reaction aliqout. The narrowing polydispersity further 
supports the living nature of this polymerization. 



Table 1 . 
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SAMPLE 


Mn 


M w 


M p 


PD 


1 


40.491 


59,224 


59.024 


1.453 


2 


60 696 


100.857 


104.955 


1.662 


3 


15 974 


22.862 


21.053 


1.431 


4 


88540 


139,727 


133.298 


1.578 



A-T PHOTOINITIATOR PREPARATION CONTAINING BRANCHING AGENT Photoinitiator 1 -hydroxycyclohexyl 
4-v.nyl phenyl ketone ( 1.20 g ) and TEMPO ( 2.06 g ) are dissolved in heptane (30 mL without prior deoxygenation) 
and subjected to UV irradiation. The light source used is a high pressure 450 W Hanovia mercury vapor lamp, which 
is placed in a water cooled, quartz, immersion well (Ace Glass Co.). The immersion well is placed in a 2 liter beaker 
containing water and the reaction sample containing the reagents in heptane is placed in the beaker in a long glass 
tube. After 17.5 hours of irradiation, the sample is placed in a separatory funnel and extracted with a water-methanol 
mixture 1 : 1=v:v , 4 times at 50 mL each, to remove the excess TEMPO and the remaining heptane solution (6.0 g)and 
the resulting compound A-T is used directly for chain extension or branching. 

EXAMPLE I 



so 



55 



PREPARATION OF BRANCHED POLYMERS For branched polymers, various amounts of a co-monomer con- 
taining a phototyzable or photolabile group, such as the aforementioned alpha hydroxy ketones, is incorporated into 
the backbone of the polymer or oligomer. On cooling to room temperature and photolysis, in the presence of a stable 
free radical compound such as TEMPO- each photolyzable group of the covalently bound branching agent becomes 
a TEMPO terminated branch point capable of thermally induced stable free radical cleavage and subsequent stable 
free radical mediated monomer polymerization and narrow polydispersity chain growth. By products such as monomeric 
TEMPO terminated photolysis products can be readily removed from the polymer so that no new chains grow as a 
result of their photolysis and propagation. 
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EXAMPLE II 



PREPARATION OF STAR POLYMERS For the preparation ot star polymers, a small amount of an initiator com- 
pound A-T containing a photolyzable group, such as the aforementioned disubstituted quinone compound, is incorpo- 
rated into the polymer chain backbone by thermally controlled copolymerization with monomers. On cooling, for ex- 
ample, to room temDerature and photolysis, and in the presence of TEMPO or similar stable free radical compound, 
each photolyzable group becomes a TEMPO terminated star point which is capable of subsequent to thermal or pho- 
tochemical induces stable free radical living polymerization processes. The process of sequential chain growth or 
elongation, and cnam branching, can be repeated many times to provide dendritic structures. 

EXAMPLE III 



IS 
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MAGNETIC TONER PREPARATION AND EVALUATION The polymer resin (74 weight percent of the total mix- 
ture) obtained by the stable free radical polymerization processes described in Example II may be melt extruded with 
10 weight percent of REGAL 330® carbon black and 16 weight percent of MAPICO BLACK® magnetite at 1 20°C. and 
the extrudate pulverized in a Waring blender and jetted to 8 micron number average sized particles. A positively charging 
magnetic toner may be prepared by surface treating the jetted toner (2 grams) with 0.12 gram of a 1:1 weight ratio ot 
AEROSIL R972® (Degussa) and TP-302 a naphthalene sulfonate and quaternary ammonium salt (Nachem/Hodogaya 
SI) charge control agent. 

Developer compositions may then be prepared by admixing 3.34 parts by weight of the aforementioned toner 
composition with 96.56 parts by weight of a carrier comprised of a steel core with a polymer mixture thereover containing 
70 percent by weight of KYNAR®, a polyvinylidene fluoride, and 30 percent by weight of polymethyl methacrylate; the 
coating weight being about 0.9 percent. 

Toner compositions may be readily prepared by conventional means from the branched polymer and copolymer 
resins of the present invention including colored toners, single component toners, multi-component toners, toners 
containing special performance additives, and the like. 

The branched polymers and copolymers of the present invention find utility in a wide variety of applications such 
as the improvement of the rheological properties of thermoplastic resins by blending in polystyrene star polymers, 
improving the compatibility of polymer blend by adding small amounts of the branched polymers as compatilizing 
agents, improving the viscosity in dex of lubricating oils, the use of these materials as a dispersan t and improvin g the 
jmpact strengj^dTpolyphenyjene ether resirtsTg ie branched polymeric products of the present invention may contain 
various polymeric segments such as homopolymers. random coploymers. diblock copolymers, multiblock copolymers, 
tapered copolymers, and combinations thereof. 



Claims 



1 . A process for the preparation of branched thermoplastic resins comprising: 

heating a mixture comprising an initiator compound of the formula A - T, wherein A represents a group having 
at least one carbon atom and is such that a free radical A* arising therefrom is capable of polymerizing an unsatu- 
rated monomer by free radical polymerization and the radical functionality resides on at least one carbon atom, 
and T is a covalently bonded stable free radical compound, at least one free radical polymerizable monomer of 
the formula M1, and at least one free radical reactive branching agent of the formula B. to form an unbranched 
polymeric product of the formula 

A-(M1) ffl -(B) ft -T 



where m and n are integers from 1 to about 10,000 representing the total number of monomers M and B contained 
so in the unbranched product: 

irradiating a mixture of the unbranched polymeric product and a second stable free radical compound of the 
formula T'- to form an intermediate branched polymeric product of the formula 

ss A-(M1) m 4B-(T') p ] n -T 

wherein a T'- becomes convalently bonded to at least one branching agent B in the polymeric product, and wherein 
p is an integer from 1 to about 10 representing the average number ol stable free radical compounds of the formula 
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V attached to each branching agent 8 in the intermediate branched polymeric product: 

heating a mixture of the intermediate branched polymeric product and at feast one second free radical po- 
lymerizable monomer of the formula M2 to form a first branched polymeric product of the formula 

A.{M1) m .[B-(M2) o -(r) p ] n .(M2) 0 .T 

where o is an :nteger from 1 to about 5.000 representing the average number of monomers M2 which are inserted 
between eacn of the covalently bonded stable free radical compounds T and T and each branch point: and 
10 cooling :he mixture. 

2. A process in accordance with claim 1 , further comprising the further branching steps of: 

heating the first branched polymeric product with a second branching agent of the formula B2, to form a 
second intermediate product polymer 

15 

A-(M1) m -[B-(M2) 0 -(B2) r -(T*) p ] n -(M2) 0 -(B2) r -T 

wherein r is an integer from 2 to about 200 and represents the total number second branching agent monomers 
20 B2 which are inserted between each of ihe covalenily bonded stable free radical compounds T and V and each 

branch point: 

irradiating the second intermediate polymer product with at least one third stable free radical compound of 
the formula T"- to from a branched polymer product of the formula 



25 



A-(M1 ) m -[ B-(M2) 0 -[B2-(T")] r -(T') p l n -(M2) 0 -[B2-{T-)] r -T 



where T" is convalently bonded to the branching agents B2 in the resulting polymeric product: - 

heating the resulting branched polymeric product and at least one third free radical polymerizable monomer 
30 of the formula M3 to form a second branched polymer product of the formula 



A-(M1) m -[B-(M2) 0 -[B2 -(M3 -T-)] f -(T) p ] n -(M2) 0 -[B2-(M3-T-)] r -T 

is wherein the second branched polymeric product contains at least twice the number of branches as the first 

branched polymer product: and 

optionally repeating said further branching steps from 1 to about 20 times. 

3. A process in accordance with either of claims 1 or 2, wherein said branching agent B contains from 1 to about 10 
•to branching sites and wherein each branching site contains a chromophore which is photolyticaliy active under 

irradiation whereby upon irradiation, a free radical species is generated at substantially each branching site and 
is subsequently and rapidly trapped by a stable free radical agent compound. 

4. A process in accordance with claim 3, wherein the branching agent B contains at least one free radical polymer- 
izable unsaturated double bond. 

5. A process in accordance with any of claims 1 to 4, wherein the branching agent B is selected from the group 
consisting of 

so (a) a branching agent monomer compound of the formula 



o 
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•.vtierein Ar is an aryl group containing at least one free radical polymerizable unsaturated double bond and 
from 8 to about 26 carbon atoms, and R, and R 2 are independently selected from the group consisting of alkyl, 
aikylene. alkylaryl, and cycloalkyl substituents with from 1 to about 20 carbon atoms; 
Co) a branching agent monomer which is photolytically monofunctional of the formula 



w 
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(c) an inhibiting photolytically difunctional compcund and is of the formula 
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and any mixtures thereof. 

6. A process in accordance with any of claims 1 to 5. wherein the initiator compound A-T has a half life of about 5 
seconds to about 5 minutes at a temperature from about 80°C to about 180°C. 

7. A process in accordance with any of claims 1 to 6. further comprising combining the formed resin product with at 
least one member selected from the group consisting of a thermoplastic resin, a colorant, a charge control additive, 
a surfactant, an emulsifier, and a pigment dispersant, to form a toner mixture, and wherein the mixture is further 
melt blended to form a melt blended toner. 

8. A process for the preparation of branched thermoplastic resins comprising: 

heating a mixture of a free radical initiator ^ at (east one free radical reactive monomer M1 , and a stable free 
radical agent T , to produce the linear or unbranched polymer product of the formula l-(M1 ) m -T, where m is an 
integer and represents the number of monomers polymerized: 

heating separately or sequentially at least one monofunctional branching agent B and the unbranched polymer 
product to form a second unbranched polymer product of the formula l-(M1 ) m -(B) n -T, where n is an integer 
and represents the number of branching agents polymerized or inserted at the end of the polymer chain; 
irradiating the second unbranched polymer in the presence of a second stable free radical agent TMo afford 
a branched polymer product of the formula l-(M1) m -[B- T'] n -T; and 

heating the branched polymer product with a second monomer, to afford a first branched polymer of the formula 
l-(M1) m -[B-(M2) 0 - V] n -(M2) Q -T, wherein o is an integer and represents the total number of M2 monomers 
incorporated into the first branched polymer product. 

9. A process for the preparation of branched thermoplastic resins comprising: heating a mixture of a free radical 
initiator l 2 , at least one difunctional free radical reactive branching agent monomer B, and a stable free radical 
agent T . to produce the linear or unbranched polymer product of the formula l-(B) m -T, where m is an integer and 
represents the number of branching agents polymerized: and 
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